This study aims at the development of an optimization model based on artificial immune systems (AIS) to minimize cost designs of water distribution networks (WDNs). Clonal selection algorithm (Clonalg), a class of AIS, was used as an optimization technique in the model, and its mutation operation was modified to increase the diversity (search capability). EPANET, a widely known WDN simulator, was used in conjunction with the proposed model. The model was applied to four WDNs of Two-loop, Hanoi, Go Yang, New York City, and the results obtained were compared with other heuristic and mathematical optimization models in the related literature, such as harmony search, genetic algorithm, immune algorithm, shuffled complex evolution, differential evolution, and non-linear programming-Lagrangian algorithm.
(1) An antibody set (Ab) is randomly constituted and there is an objective function g(.) to be optimized (maximized or minimized). An antibody's antigenic affinity corresponds to the value of this objective function for a given antibody, so that each antibody (Ab i ) represents an element of the input set (Ab).
(2) For each Ab i in Ab, the affinity value ( f i ) is determined.
(3) The n amount of antibodies with the highest affinity is selected.
(4) The n amount of antibodies selected is cloned (reproduced) independently and proportionally to their antigenic affinities. The clones constitute a repertoire C. The higher antigenic affinity means the higher number of clones generated for each of the n antibodies.
(5) The repertoire C is exposed to an affinity maturation process (mutation) inversely proportional to the antigenic affinity. The matured clones constitute a 2, 3, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24 in inches 2, 5, 8, 11, 16, 23, 32, 50, 60, 90, 130, 170, 300, 550 in USD/ meter Hanoi 12, 16, 20, 24, 30, 40 in inches 45.726, 70.4, 98.378, 129.333, 180.748, 278.28 in USD/meter New York 0, 36, 48, 60, 72, 84, 96, 108, 120, 132, 144, 156, 168, 180, 192, 204 in inches 93.5, 134, 176, 221, 267, 316, 365, 417, 469, 522, 577, 632, 689, 746, 804 in USD/foot GoYang 80, 100, 125, 150, 200, 250, 300, 350 in millimeters 37, 890, 38, 933, 40, 563, 42, 554, 47, 624, 54, 125, 62, 109, 71, 524 in won/meter population C*. The higher antigenic affinity means a smaller mutation rate.
Two
(6) For each matured clone in C*, the affinity value ( f i *) is determined.
(7) From the population C*, the n amount of the matured clones with the highest affinity is reselected and added to Ab. 
Description of Ab
Ab 1 Ab N Ab 
where N Ab is the total number of the antibodies in Ab,
x ij is the gene of Ab i , corresponding to a variable of the objective function, and nd is the number of genes of Ab i . In this study, x ij corresponds to a diameter of the pipe.
The number of clones generated for all the n selected antibodies can be estimated as follows (De Castro & Von Zuben ):
where N c is the total number of the clones in C, β is a multiplying coefficient, 'round' is the rounding operator for an integer.
The mutation rate can be computed as follows (De Castro & Von Zuben ):
where α i is the mutation rate for the clones exposed to the maturation process, ρ is a decay coefficient, and f i is the affinity value normalized over the interval [0, 1] .
In this study, new genes are generated for each clone with a certain probability depending on a given problem (probability rate) in step 5, instead of step 8. This modification provides to increase the diversity. Furthermore, instead of using Equation (2) 
where f(D i , L i ) is the cost of pipe i with its diameter D i and length L i , and N is the number of pipes in the net- 
where Q in and Q out are the inflow and outflow rate of the node, respectively, and Q e is the external inflow rate or demand at the node.
For each loop in the network, the energy conservation equation is utilized where ΔH i is the head loss in pipe i, and E p is the energy added to the water in the network by a pump.
For each node, the minimum pressure required is expressed as follows:
where H j is the pressure head at node j, H j min is the minimum required pressure head at node j, and M is the number of nodes in the network.
The model uses EPANET for the hydraulics analysis. where convQ is a conversion factor from defined unit for Q to cfs, and convD is a conversion factor from defined unit for D to ft. When Q and D are expressed in m 3 /s and m, respectively, and ω becomes: This function prevents searching from taking place in the infeasible solution space where pipes with small diameters that cannot satisfy the minimum pressure requirement at each node are located. The penalty function is of the following form (Geem ):
where f p is the penalty function, max is the maximum function giving the larger value, sgn is the sign function extracting the sign of a real number, and a and b are the penalty coefficients. The penalty function is added to the total design cost C t : 
APPLICATIONS
The model was applied to four benchmark WDNs. The commercial diameters and their corresponding costs used in the applications are given in Table 1 .
Two-loop water distribution network
This network consists of seven nodes and eight pipes with two loops, and is fed by the gravity from a reservoir with a 210 m fixed head (Alperovits & Shamir ) . Node and pipe data and the layout of Two-loop network are shown in Table 2 and Figure 4 , respectively.
Hanoi water distribution network
This network consists of 32 nodes, 34 pipes and three loops, and is fed by the gravity from a reservoir with a 100 m fixed head (Fujiwara & Khang ) . Node and pipe data and the layout of Hanoi network are shown in Table 3 and Figure 5 , respectively.
New York City water distribution network
This network consists of 20 nodes, 21 pipes and one loop, and is fed by the gravity from a reservoir with a 300 ft Table 4 and Figure 6 , respectively.
Go Yang water distribution network
This network consists of 22 nodes, 30 pipes and nine loops, and is fed by a pump from a reservoir with a 71 m fixed head (Kim et al. ) . The pressure head produced by the pump is 15.61 m so that the total head of the water supplied from the reservoir becomes 86.61 m. Node and pipe data and the layout of Go Yang network are shown in Table 5 and Figure 7 , respectively.
RESULTS
The following two conditions were used to stop running the model: (1) when the absolute error between the maximum and minimum values of the objective function is less than 0.1; and (2) when the maximum iteration number is reached.
The model was run 20 times for each WDN. Random seed (random number generation) was applied while constituting the initial set in each run. In the applications of the In the application of the Two-loop network, the modified Clonalg obtained a higher success rate and a lower maximum cost (worst cost) than the classic Clonalg, although both algorithms could find the same minimum cost (419,000 USD). In the application of the Hanoi network, the modified Clonalg could find both a lower minimum cost with a higher success rate and a lower maximum cost than the classic Clonalg. In the application of the New York City network, the modified Clonalg could find both a lower minimum cost with a higher success rate and a lower maximum cost than the classic Clonalg. In the application of the Go Yang (2)). Equation (4) increases the running time in comparison with Equation (2) since more clones are generated by it. Therefore, the modified Clonalg took a longer time than the classic Clonalg in the analyses (the application of the New York City network is excepted since higher values of N Ab and β for the classic Clonalg were assigned than for the modified Clonalg).
In future studies, performance of this model needs to be explored under various restrictions such as a velocity, maximum pressure in the node, variation in water demands depending on time, in addition to the minimum pressure requirements for the WDNs.
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